In recent years, the microbial production of amino acids has attracted considerable attention in the fermentation industry (4) . Many studies have been reported on the microbial production of alanine from carbohydrates (2-4, 6, 7, 9-11, 13-15, 17) . In most studies, alanine produced was optically inactive or the optical purity was unknown. A few reports have shown the production of L-alanine (14, 15) ; however, neither the accumulation of D-alanine nor the formation of alanine from glycerol have been reported.
During the investigation of microorganisms utilizing petrochemicals, we found that a strain of Corynebacterium fascians accumulated large amounts of D-alanine in a medium containing glycerol as the sole carbon source. This paper reports screening of microorganisms, optimum cultural conditions for production, isolation of the product, and identification of D-alanine, which may provide a workable procedure for the industrial production of D-alanine.
MATERIALS AND METHODS
Microorganisms. From the collection of microorganisms maintained in our laboratory, a strain of C.
fascians was selected as a -alanine-producing bacterium. This strain was deposited in the Fermentation Research Institute, Inage, Chiba, Japan, and was designated C. fascians FERM-P no. 1511. For stock cultures this strain was grown at 27 C for 2 days on an agar slant containing 0.5% glucose, 0.5% meat extract, 1.25% yeast extract, 1% polypeptone, 0.5% NaCl, and 1.5% agar adjusted to pH 7.0 and stored at 5 C.
Freshly prepared slant cultures were used for seed cultures.
Media. Unless otherwise noted, media shown in Table 1 were employed.
Cultivation method. Screening tests were carried out in test tubes with shaking at 30 C for 120 h. For the production of alanine, 100 ml of the media were distributed in 500-ml shaking flasks, autoclaved at 120 C for 10 min, and inoculated with 5% of seed cultures incubated for 2 days. All cultures were incubated at 30 C on a reciprocating shaker operating at 140 strokes/ min with an 8-cm stroke. Unless otherwise noted, the fermentations were carried out for 96 h.
Estimation of cell growth. The growth was determined turbidimetrically, at 660 nm in a Hitachi electric photometer EPO-B, and was expressed as dry-cell weight (mg/ml) Calculated from a standard curve.
Determination of amino acids, glycerol, and pyruvate. Identification and determination of amino acids in the experiments for screening of amino acid-producing organisms were performed by paper chromatography (1-butanol: acetic acid: water, 4: 1: 1, v/v/v) and, for more detail, by a Hitachi amino-acid analyzer (KLA-3B). Total alanine was measured microbiologically by using Leuconostoc citrovorum ATCC 8081 (16) . D-Alanine was determined manometrically by using D-amino-acid oxidase prepared from hog kidney by the method of Brumby and Massey (1). Pyruvate was determined by the Friedemann-Haugen method (5). Glycerol was measured by the procedure of Iwai et al. (8) .
Determination of optical purity of D-alanine. Optical purity of D-alanine in the broth was calculated by the equation in Table 7 and that of the crystalline D-alanine was determined with a PerkinElmer 141 polarimeter. 636 
RESULTS
Screening of microorganisms forming amino acids from glycerol. Two hundred sixty-five strains, which had been tested for their use of petrochemicals and maintained in our laboratory, were inoculated in medium I and cultured for 120 h. As shown in Table 2 , a number of strains used glycerol as the sole carbon source. Some strains were observed to produce amino acids, especially alanine. Of the tested organisms, C. fascians FERM-P no. 1511 produced a large amount of alanine and therefore was used for the experiments described below.
Utilization of noncarbohydrate substances and alanine production. C. fascians was cultured in medium I containing noncarbohydrate substances in place of glycerol as carbon source (Table 3) . After 120 h, the growth was poor and, except from glycerol, practically no alanine was accumulated (Table 3) . Experiments on the accumulation from the other carbon sources are in progress, and a few carbohydrates such as glucose and fructose also have been found to be effective for D-alanine production. However, in this paper, only the accumulation of alanine from glycerol will be described.
Effect of nitrogen sources. NaNO3, NH4NO3, (NH4)2SO4, NH.Cl, H2NCONH2, and (NH)2HP0, were studied as nitrogen sources. The cell growth and alanine accumulation in medium III, containing the nitrogen sources in place of (NH4)2HPO0, were very poor (Table 4) . Alanine was accumulated only in the medium containing (NH4)2HPO. The higher concentration of (NH.)2HPO0 markedly increased the production of alanine.
Effect of (NHJ)2HP0, level. To determine the optimal level of (NH4) 2HPO in medium III, its concentration was varied (Table 5) . Although the growth was not reduced, even at the lowest concentration of (NH,)2HPO4, alanine production was markedly decreased at lower levels. A concentration of 4% and higher is required for increased yields.
Effect of glycerol level. The effect of glycerol concentration on alanine formation in medium III was examined (Table 6 ). At 2 to 3%, the cell yield reached a maximum, but the amount of alanine accumulated was very small. With the increase of the glycerol level, the alanine yield sharply increased, and at 5% almost maximum production was achieved. Further increase of glycerol concentration had no stimulatory effect on alanine production. (Table 7) . At the lower concentrations the amount of total alanine, but not of the D-isomer, increased. There was a decrease in optical purity as the concentration of corn steep liquor was decreased. At over 0.3%, optically pure D-alanine could be exclusively produced.
Chemical changes under the optimal condition. A typical change of alanine production in medium III is shown in Fig. 1 . After 96 h, maximum growth was obtained, and the production of D-alanine also reached the maximum, 6.8 mg/ml. Detectable accumulation of L-alanine did not occur. Amount of D-alanine produced gradually decreased after 120 h. Glycerol was rapidly utilized and completely consumed at 96 h. The accumulation of pyruvate in the broth was small. The pH of the fermentation medium remained between 6 and 7 during all culture stages. Amino acid analysis of the fermentation broth cultured for 96 h indicated that it contained 6.8 mg of alanine per ml, 0.2 mg of glycine per ml, traces of leucine, and no other amino acids.
Isolation and identification of D-alanine. From the fermentation broth cultured under the optimal conditions described above, D-alanine was isolated as follows. One liter of fermentation broth containing 6.8 g of D-alanine was This value was equivalent to 93% optical purity. The IR and NMR spectra of the sample were identical to those of authentic D-alanine. Paper chromatographic analysis indicated that it contained less than 1% glycine and no other amino acids.
DISCUSSION
Alanine is the amino acid most commonly accumulated by microorganisms, and many investigators have reported on its fermentative production (4) . In most cases, the DL form accumulates, explainable by the fact that alanine racemase is more widely distributed in many microorganisms than are racemases for other amino acids. In a few cases, however, accumulation of L-alanine has been reported (14, 15) . Consequently, it has been accepted that the optical configuration of alanine produced by microorganisms is the L or DL form. Furthermore, there has been no report on the extracellular accumulation of a large amount of a D-amino acid by microorganisms, although the presence of 1-amino acids in bacterial cell walls, antibiotics, and tumor proteins is well known (12) . Therefore, it is very interesting that a large amount of D-amino acid is produced by a microorganism.
The amount of extracellular D-alanine accumulated by C. fascians varies with cultural conditions, especially with the composition of the fermentation medium. A simple combination of glycerol, (NH.)2HPO, and corn steep liquor was found to be advantageous for production of D-alanine. Although yields of total alanine increased in a medium containing a higher concentration of glycerol and (NH4)2HPO4, practical optimal levels are considered to be 5% glycerol and 4% (NH4)2HPO. The level of corn steep liquor was very important for the production of optically pure D-alanine. Accumulation of total alanine was enhanced by decreasing the level of corn steep liquor, but the optical purity was decreased, indicating contamination with L-alanine. Although the experiments on the mechanism of accumulation of D-alanine are in progress, we postulate that L-alanine is formed first and remains inside the cells where it is converted to DL-alanine by racemase. Subsequently, only D-alanine leaks out stereospecifically through the cell membrane. In this process, it seems that the trace components in corn steep liquor, such as vitamins and minerals, affect the stereospecific permeability of the cell membrane. Under the optimal condition, accumulation of D-alanine was raised to almost 7 g per liter and practically pure D-alanine could be easily recovered.
In recent years, D-alanine has been in commercial demand as a biochemical and as a starting material for peptide synthesis. Until today, D-alanine has been prepared by optical resolution of the chemically synthesized DL form. In contrast to these methods, the present one-step fermentative method has a definite advantage and is suitable for industrial application.
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